The nonpathogenic Bacillus subtilis and the pathogen Staphylococcus aureus are gram-positive model organisms that have to cope with the radical nitric oxide (NO) generated by nitrite reductases of denitrifying bacteria and by the inducible NO synthases of immune cells of the host, respectively. The response of both microorganisms to NO was analyzed by using a two-dimensional gel approach. Metabolic labeling of the proteins revealed major changes in the synthesis pattern of cytosolic proteins after the addition of the NO donor MAHMA NONOate. Whereas B. subtilis induced several oxidative stress-responsive regulons controlled by Fur, PerR, OhrR, and Spx, as well as the general stress response controlled by the alternative sigma factor SigB, the more resistant S. aureus showed an increased synthesis rate of proteins involved in anaerobic metabolism. These data were confirmed by nuclear magnetic resonance analyses indicating that NO causes a drastically higher increase in the formation of lactate and butanediol in S. aureus than in B. subtilis. Monitoring the intracellular protein thiol state, we observed no increase in reversible or irreversible protein thiol modifications after NO stress in either organism. Obviously, NO itself does not cause general protein thiol oxidations. In contrast, exposure of cells to NO prior to peroxide stress diminished the irreversible thiol oxidation caused by hydrogen peroxide.
Bacillus subtilis and Staphylococcus aureus are gram-positive model bacteria. Whereas B. subtilis is considered to be harmless, S. aureus is a facultative pathogen and the leading cause of nosocomial and community-acquired infections. Both microorganisms have to cope with high amounts of nitric oxide (NO) (up to the M range) generated from coexisting denitrifying bacteria or from the innate immune response of the host, respectively (17, 31, 55, 68) . Hence, the ability of B. subtilis and S. aureus to protect themselves against NO might be crucial for survival in their respective natural habitats.
The cytotoxic properties of the small, lipophilic, and freely diffusible radical NO are attributed to its high reactivity. Indirect effects of NO are caused by the reaction of the radical with oxygen or superoxide, resulting in the formation of a number of additional reactive nitrogen species, including nitrogen dioxide, peroxynitrite, and dinitrogen trioxide. These nitrogen species differ in reactivity, stability, and biological activity but result in a broad spectrum of antimicrobial activity (25) . In general, reactive oxygen and nitrogen species can interact with numerous targets, including thiols, metal centers, tyrosine residues in proteins, nucleotide bases, and lipids (20, 69) . NO directly affects the activity of enzymes by the reaction with bound free radicals or with metal centers (51, 72, 100) . For example, the formation of metal-nitrosyl complexes in respiratory enzymes was shown to inhibit bacterial respiration (8, 13, 71, 88) and the formation of a dinitrosyl-iron complex of a protein essential for branched-chain amino acid biosynthesis was recently shown to be the main cause of NO-induced growth arrest in Escherichia coli (44) . Moreover, reaction of NO with the tyrosyl radical formed in the catalytic turnover of ribonucleotide reductase is considered to be responsible for the suppression of DNA synthesis (53, 54) .
Bacteria have specific and general defense strategies to counter environmental changes, including detoxification of stressors, as well as protection mechanisms and repair systems. These responses are based on sophisticated pathways of signal transduction, which subsequently trigger changes in gene expression. Proteomics is an excellent tool for the characterization of the adaptive network induced by stress and starvation stimuli (37, 97) . Pulse-labeling with radioactive amino acids and separation of labeled protein extracts with two-dimensional polyacrylamide gel electrophoresis (2D PAGE) allows the generation of protein synthesis profiles that are particularly valuable to predict the physiological state of the cell and to allow comparative physiological proteomics involving multiple stress conditions. For B. subtilis, the proteome of growing cells (14, 24) , as well as proteome signatures produced in response to stress or starvation conditions, including oxygen limitation (57) , nutrient starvation (92, 94) , and treatment with aromatic organic compounds and antibiotics, have been characterized (4, 23, 93) . In particular, the responses of B. subtilis to peroxides and to the thiol-specific oxidant diamide have been extensively described at the proteome level (52, 61, 92) . The analysis of the oxidative stress response was made more comprehensive by the introduction of a fluorescence-based proteomic approach that allows for the visualization of posttranslational modifications of the thiol group of cysteine residues (41) . For S. aureus, the proteomes of exponentially growing and stationary-phase cells have been described (50) , but the number of proteome signatures to stress and starvation conditions is still limited (98) . The first comprehensive description of global changes in the synthesis of cytoplasmic proteins after a shift from aerobic to anaerobic growth conditions was recently provided by Fuchs et al. (28) .
NO-induced changes in the proteome of B. subtilis and S. aureus have not been described thus far. In the present study, we characterized the response of both microorganisms toward NO by analyzing the protein synthesis profiles and by monitoring the protein thiol state. The data were compared to transcriptomic data for NO stress which were published recently (60, 83) . In line with these data, our comprehensive proteome approach revealed major differences in the adaptation to NO stress in the two microorganisms.
MATERIALS AND METHODS
Bacterial strains and growth conditions. The B. subtilis strain 168 (1) and the S. aureus strain COL (87) were grown aerobically at 37°C with vigorous shaking. The composition of the synthetic medium used for B. subtilis (90) and S. aureus (29) has been described. Growth was monitored by measuring the optical density at 500 nm (OD 500 ). The compound MAHMA NONOate [6-(2-hydroxy-1-methyl-2-nitrosohydrazino)-N-methyl-1-hexanamine; Sigma] was used as an NO donor. For each experiment, a 100 mM MAHMA NONOate solution was freshly prepared. The NO donor was dissolved in 10 mM NaOH, and the solution was kept at 4°C in the dark until used. A total of 100 ml of synthetic medium was inoculated with an exponentially growing overnight culture of S. aureus and B. subtilis to initial OD 500 s of 0.08 and 0.03, respectively. Cells were cultivated to an OD 500 of 0.5, and MAHMA NONOate was added to final concentrations ranging from 100 M to 1 mM. ]methionine/ml) was added to exponentially growing (OD 500 ϭ 0.5) or stressed cells immediately before and 1, 5, 10, and 30 min (as well as 60 min in the case of S. aureus) after the addition of MAHMA NONOate to a final concentration of 100 M for B. subtilis cells and 500 M for S. aureus cells. In addition, as a control, cell cultures were treated with similar concentrations of the completely decomposed NO donor (dissolved in synthetic medium and incubated for 24 h at room temperature) for 10 min. After 5 min, the incorporation of radioactively labeled methionine was stopped by the addition of 0.1 mg of chloramphenicol/ml and 1 mM unlabeled L-methionine, and the cells were transferred to ice. Cells from 10 ml of culture medium were harvested by centrifugation for 5 min at 9,000 ϫ g and 4°C. The resulting cell pellet was washed twice with TE buffer (10 mM Tris-HCl, 1 mM EDTA [pH 7.5]) and resuspended in 400 l of TE buffer. In the case of S. aureus, the TE buffer was supplemented with 25 ng of lysostaphin/ml, and the cell suspension was incubated on ice for 10 min before cell disruption. Cells were disrupted on ice by sonication, and cell debris was removed by centrifugation for 30 min at 21,000 ϫ g and 4°C. Protein extracts were stored at Ϫ20°C.
Fluorescence labeling of S-nitrosylated and reversibly oxidized proteins. The fluorescence thiol modification assay was used to monitor the protein thiol state and to detect proteins with reversibly oxidized thiol groups following NO stress (41, 101) . Samples (50 ml) were taken from exponentially growing B. subtilis and S. aureus cell cultures (OD 500 ϭ 0.5) immediately before and 10 min after the addition of 100 M to 2 mM MAHMA NONOate. Cells were harvested by addition of ice-cold trichloroacetic acid (TCA; final concentration, 2% [wt/vol]) and subsequent centrifugation at 8,900 ϫ g and 4°C. The resulting cell pellet was washed twice with deionized water acidified with TCA to pH 1.5 and resuspended in 450 l of denaturing buffer (8 M urea, 1% CHAPS {3-[(3-cholamidopropyl)-dimethylammonio]-1-propanesulfonate}, 1 mM EDTA, 200 mM Tris [pH 8.0]) supplemented with 100 mM iodoacetamide. Cells were then disrupted by sonication, centrifuged for 5 min at 21,000 ϫ g and 4°C, and incubated for 20 min at room temperature. Excess iodoacetamide was removed by the addition of four parts ice-cold acetone and storage for at least 1 h at Ϫ20°C. After centrifugation at 20°C, the samples were washed twice with acetone and dried in a vacuum centrifuge. The resulting protein pellet was dissolved in 150 l of denaturing buffer, and the protein concentration was determined. Reversible thiol oxidations were then reduced with 10 nmol of Tris-(2-carboxyethyl)-phosphine (TCEP) per 50 g of protein, and the newly generated thiol groups were labeled with the fluorescence dye BODIPY FL C 1 -IA [N-(4,4-difluoro-5,7-dimethyl-4-bora-3a,4a-diaza-s-indacene-3-yl)-methyl)-iodoacetamide] (Invitrogen, Eugene, OR) as already described (41) . To exclusively label S-nitrosylated proteins, ascorbate instead of TCEP in the reduction step was used (45, 47) . The protein extracts were incubated in ascorbate solution (prepared in denaturing buffer) in a ratio of 50 g of protein to 50 nmol ascorbate for 1 h at room temperature in the dark prior to labeling.
2D PAGE and gel imaging. Proteins (500 g of nonradioactive protein, 100 g of radiolabeled protein) were separated with 2D PAGE in the pH range of 4 to 7 according to the method of Büttner et al. (14) . For autoradiograms, gels were dried on filter paper and exposed to storage phosphor screens. The nonradioactive gels were stained with Sypro Ruby (Invitrogen) according the recommendations of the manufacturer. Fluorescent and radioactive gels were scanned with the Typhoon 9400 variable mode imager (Amersham Biosciences, Freiburg, Germany).
Data analysis. Gel images were analyzed with Delta2D software (Decodon, Greifswald, Germany). The gel images from two independently analyzed cell cultures were included for every sampling time point. A fusion image was generated from all images of an experiment (56) , and the detected spot centers of the fusion image were transferred to all other images to ensure constant spot detection. To determine proteins with changes in protein synthesis after NO stress, the protein synthesis ratios of the total normalized spot quantities of the autoradiograms of the NO-stressed samples, and the corresponding spot of the control sample were determined. Spots with synthesis ratios of Ն2.0 and Յ0.5 in both replicates at at least one time point after NO stress were considered as proteins with significant changes in the synthesis rate. Proteins whose synthesis rate was significantly increased after NO stress were defined as marker proteins. To detect proteins with thiol modifications, fluorescence images were overlaid with the Sypro Ruby-stained images of the same 2D gels, and the thiol modification ratios were calculated by dividing the fluorescence/protein ratios of the NO-stressed samples with the corresponding ratios of the control (41) .
Protein identification. Protein spots which could not be definitely assigned to already generated 2D gel proteome maps (4, 24, 28, 49, 52, 61, (92) (93) (94) were cut from preparative 2D gels and identified by automated tryptic digestion in the Ettan Spot Handling Workstation (Amersham-Biosciences, Uppsala, Sweden) and tandem mass spectrometry on a Proteome Analyzer 4700 (Applied Biosystems, Foster City, CA) as previously described (24) .
Quantification of extracellular metabolites by 1 H-NMR. Filtered extracelluar samples (300 l) were buffered to pH 7.0 by addition of 200 l of a sodium hydrogen phosphate buffer (0.2 mM [pH 7.0]) made up with 25% D 2 O to provide an nuclear magnetic resonance (NMR)-lock signal. Samples were transferred to 5-mm NMR-glass tubes (length, 7 in.). Spectral referencing was relative to 1 mM sodium 3-trimethylsilyl- [2,2,3,3-D 4 ]-1-propionic acid (TMSP) in phosphate buffer. All NMR spectra were obtained at 600. 27 MHz at a nominal temperature of 298.5 K using a Bruker AVANCE-II 600 NMR spectrometer operated by TOPSPIN 2 software (both from Bruker Biospin GmbH, Rheinstetten, Germany). A modified 1D-NOESY pulse sequence was used with presaturation on the residual HDO signal during both the relaxation delay and the mixing time. A total of 128 free induction decays (FID scans) were collected into 64k data points using a spectral width of 20 ppm for a one-dimensional spectrum.
After Fourier transformation with 0.3-Hz line broadening and a single zerofilling, spectra were automatically phased and baseline corrected using the baseopt process, and the chemical shift scale was set by assigning the value of ␦ of 0.00 ppm corresponding to the signal from the added TMSP. Compound identification was done by matching the obtained spectra with a 1 H-NMR spectra database using the program AMIX (Bruker Biospin) and comparing with spectra of standard compounds. Quantification was done by integration of designated peaks in the 1 H-NMR spectrum and comparing them with the added standard TMSP.
RESULTS AND DISCUSSION
NO stress proteomic signature. To investigate the response of B. subtilis and S. aureus to NO stress, exponentially growing cells were exposed to the NO donor MAHMA NONOate. One mole of MAHMA NONOate liberates two moles of authentic NO with a half-life of about 1 min in physiological buffer solutions (pH 7.4, 37°C) (48) . The addition of 100 M to 1 mM concentrations of the NO donor to exponentially growing cells in synthetic medium resulted in substantially decreased growth rates. The lag phase of growth was prolonged with increasing concentrations of the NO donor. Interestingly, S. aureus is more tolerant against NO stress than is B. subtilis. The transient growth arrest after NO stress in B. subtilis and S. aureus and the higher NO resistance of S. aureus compared to other microorganisms have also been observed by others (60, 83) .
To study changes in gene expression at the proteome level, exponentially growing cells were exposed to 100 M concentrations of the NO donor in the case of B. subtilis and 500 M concentrations of the NO donor for S. aureus, achieving a comparable growth arrest of about 20 min (Fig. 1 ). Proteins were pulse-labeled by the addition of L-[
35 S]methionine to cells before, as well as 1, 5, 10, and 30 min after, stress. The proteins were separated by 2D PAGE, and the synthesis patterns of untreated control and NO-stressed cells were compared. Proteins represented by spots with a significant increase in radioactivity after NO exposure are synthesized at a higher level after stress and were defined as marker proteins. Movies were created from the individual overlaid 2D gel images in order to give an idea of the dynamics of the physiological changes. Identified marker proteins are labeled according to their regulatory groups in different colors, and the labels can be separately visualized. (Interactive movies are provided in the supplemental material).
In total, we identified 41 proteins as markers for NO stress in B. subtilis ( Fig. 2 and Table 1 ). About one-fourth of all marker proteins showed a higher synthesis level already a few minutes after imposition to NO stress. The remaining proteins were induced after 5 or 10 min. The synthesis rates of all marker proteins reached the control levels after 30 min, by which time the cells had already resumed growth.
In S. aureus, a total of 35 proteins were identified as marker proteins for NO stress ( Fig. 3 and Table 2 ). The synthesis of most of the proteins increased 5 to 10 min after stress exposure. Only four proteins were already synthesized at higher rates a few minutes after stress exposure. These included lactate dehydrogenase Ldh1 and pyruvate formate lyase PflB, which showed overall the highest induction rates after NO stress. After 30 min, when cells had already resumed growth, the synthesis of half of the marker proteins had reached control levels.
Surprisingly, the ketol-acid reductoisomerase IlvC and the flavohemoglobin Hmp are the only two proteins that were induced after NO stress both in B. subtilis and in S. aureus, indicating that different signaling pathways play a role in the adaptation to this stressor.
Increased Hmp synthesis after NO stress in B. subtilis and S. aureus. The protein with the highest increase in synthesis after NO stress in B. subtilis (70-fold) and one of the highest in S. aureus (9-fold) was identified as the flavohemoglobin Hmp (Tables 1 and 2 ). In the presence of oxygen, the Hmp enzyme acts as an NO scavenger and is responsible for the direct detoxification of NO to nitrate (35, 79) . Furthermore, it has been shown that hmp mutants of B. subtilis and S. aureus, as well as of Salmonella enterica and E. coli, are hypersensitive to NO-related killing (59, 83, 84, 89) . Thus, the upregulation of Hmp is a central feature of NO stress adaptation in both B. subtilis and S. aureus.
In B. subtilis, hmp gene expression is controlled by the twocomponent system ResDE involved in aerobic and anaerobic gene expression (57, 62, 66, 91) . Other than Hmp, there are three additional NO marker proteins: YwfI (unknown function); YvyD (similar to sigma-54 modulating factor of gramnegative bacteria); and the ferrochelatase HemH, whose gene expression is induced under anaerobic conditions and reduced in a ResDE mutant after anaerobic induction (65, 102) . However, a comparison of B. subtilis proteins whose amounts were increased in cells shifted from aerobic to anaerobic growth conditions with those increased in NO-stressed cells showed no further overlap (57) . Interestingly, hmp, yvyD, and hemH are controlled by additional regulators. In addition to ResDE, the repressor NsrR (formerly YhdE) was shown to be involved in the transcriptional regulation of B. subtilis hmp (63) . Under aerobic conditions, NO or the nitrosonium cation donor sodium nitroprusside inactivates NsrR, ensuring the expression of hmp, independent of the ResDE system (62, 63, 84) . The activity of NsrR is possibly modulated by the interaction of NO with the Fe-S cluster of the protein (7, 63, 85) . Transcription of yvyD is controlled by two alternative sigma factors: SigB and SigH (9, 22) , while hemH expression was shown to be dependent on Spx (67) . In fact, many members of the SigB and Spx regulons were synthesized at a higher rate after NO (see below). Taken together, the results indicate that the increased synthesis of these proteins in the presence of NO under aerobic conditions might occur independently of ResDE.
As in B. subtilis, so the S. aureus hmp is regulated by the ResDE orthologous system, SrrAB (formerly SrhSR) (83) . For the NO-dependent induction of hmp expression under aerobic conditions, an SrrAB independent regulatory mechanism has been postulated (83) .
Increased synthesis of enzymes involved in anaerobic metabolism after NO stress in S. aureus. Besides Hmp induction, S. aureus responds to NO stress with the increased synthesis of at least 34 additional marker proteins. These proteins were assigned to different functional groups such as energy metabolism and protein biosynthesis ( Table 2 ). The detailed comparison shows that about one-third of the NO marker proteins are also induced under anaerobic conditions (28) and mainly belong to glycolysis (Eno, FdaB, GapA1, Pgk, Pgm, and TpiA) FIG. 1. Growth analysis of B. subtilis 168 and S. aureus COL cells after NO stress. Cells were grown in synthetic medium, and the cultures were initiated at an OD 500 of 0.5 (0 min) (E). The growth of parallel cultures exposed to 100 M (B. subtilis) or 500 M (S. aureus) of the NO donor MAHMA NONOate is also shown (F).
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and fermentation pathways (Ldh1, PflB, SACOL2177, and SACOL2488) ( Fig. 3 and Fig. 4) . Fermentation enzymes such as lactate dehydrogenase Ldh1 and pyruvate formate lyase PflB are among the earliest and most strongly induced enzymes upon NO challenge. Two additional NO marker proteins are possibly involved in fermentation reactions: SACOL2177 is a zinc-containing alcohol dehydrogenase, and the oxidoreductase SACOL2488 probably catalyzes the reversible reduction of acetoin to 2,3-butanediol in the presence of NADH (SwissProt Protein knowledgebase at http://www.expasy.org/sprot/). Just as under anaerobic conditions (28), we additionally observed a decrease in the synthesis of PdhD, one subunit of the pyruvate dehydrogenase complex and several enzymes of the tricarboxylic acid cycle (AcnA, GltA, and SucA) (Fig. 4) . A similar expression pattern was also found for aerobically grown S. aureus cells with a defect in electron transport chain (hemB mutant), indicating that the activation of anaerobic metabolism is independent of the presence of oxygen (49, 86) . Remarkably, NO is already known to inhibit aerobic respiration by reversible binding to cytochromes (5, 10, 60, 88, 100) . Thus, NO-induced inhibition of aerobic respiration is most likely the reason for the induction of anaerobic metabolism in S. aureus. The decline of the synthesis rates of most of the proteins to prestress levels with the recovery of growth demonstrates the a At the indicated times after addition of the NO donor to the cell culture, radioactively labeled methionine was added for 5 min to study protein synthesis within this time frame (for details, see Materials and Methods). The fold change in the protein synthesis rate was calculated by dividing the normalized intensity of the protein spot in the 2D gel image at the indicated time point after NO stress with the corresponding spot in the image of the unstressed control. Values are induction ratios from two independent experiments. Protein synthesis ratios of at least 2.0 are indicated in boldface. The time points with synthesis ratios of at least 2.0 from two independent experiments are italicized.
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on October 31, 2017 by guest http://jb.asm.org/ transient nature of this response once the stress has abated (Table 2 ; see also the 2D movies in the supplemental material). In a recent publication, the induction of a few genes encoding proteins involved in energy and fermentative metabolism has been demonstrated at the transcriptional level, including the L-lactate dehydrogenase ldh1 and 1,6-fructosebisphosphate aldolase fdaB (83) . As the protein expression analysis makes more clear, the induction of anaerobic gene expression by NO, even in the presence of oxygen, would be a major difference compared to B. subtilis, where low oxygen tension is a prerequisite for the induction of genes involved in anaerobic respiration and fermentation (64, 82) . The main reason for this might be the strict oxygen sensitivity of Fnr, which is a main regulator in the adaptation to anaerobic conditions in B. subtilis (81, 82 ). An Fnr homolog is not encoded in the S. aureus genome. The ability to switch to anaerobic metabolism during NO stress might be of decisive advantage to S. aureus and critical for its higher resistance under this condition. In order to underline these data, we performed additional experiments on the formation of fermentation products. After NO treatment, S. aureus produced drastically higher amounts of lactate and also butanediol compared to B. subtilis (Fig. 5) . Increased formation of acetate and ethanol was not observed either. As suggested from the strong induction of fermentation enzymes at the protein level in S. aureus, the data verify a higher activity of fermentative pathways leading to formation of lactate and butanediol. The absence of increased production of acetate and ethanol after NO treatment is most likely explained by the presence of oxygen, leading to inactivation of the upstream pyruvate format lyase. The response regulator SrrA was detected among the NO marker proteins (Fig. 3 and Table 2 ). It is part of the twocomponent system SrrAB, which is an ortholog of the ResDE system in B. subtilis. Throup et al. (96) demonstrated that SrrAB is essential for the increased synthesis of several fermentation enzymes, as well as the repression of tricarboxylic acid cycle enzymes under anaerobic conditions. In addition, an SrrAB mutant was described as being hypersensitive to NO stress (83) . Taken together, the results implicate a crucial role of SrrAB in the switch to anaerobic metabolism during NO stress adaptation.
A number of NO marker proteins in S. aureus catalyze reactions with unknown substrate specificity or unknown function ( Table 2 ). Most of them show similarities to oxidoreduc- a At the indicated times after addition of the NO donor to the cell culture, radioactively labeled methionine was added for 5 min to study protein synthesis within this time frame (for details, see Materials and Methods). The fold change in the protein synthesis rate was calculated by dividing the normalized intensity of the protein spot in the 2D gel image at the indicated time point after NO stress with the corresponding spot in the image of the unstressed control. Values are induction ratios from two independent experiments. Protein synthesis ratios of at least 2.0 are indicated in boldface. The time points with synthesis ratios of at least 2.0 from two independent experiments are italicized.
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on October 31, 2017 by guest http://jb.asm.org/ tases. Since these proteins were specifically upregulated after NO stress but not after oxidative stress conditions induced by hydrogen peroxide, the superoxide-generating agent paraquat, or the thiol-specific oxidant diamide (101), these proteins may well play important roles in the NO stress resistance response in S. aureus. NO induces general and specific stress responses in B. subtilis. In B. subtilis, ca. 40% (15 proteins) of the NO marker proteins belong to the general stress regulon and are controlled by the alternative sigma factor SigB (76) (77) (78) 80) . The remaining marker proteins can be assigned to oxidative stress regulons controlled by Fur (four NO marker proteins), PerR (three NO marker proteins), Spx (seven NO marker proteins), and OhrR (one NO marker proteins) (2, 3, 12, 15, 27, 39, 67, 70) .
The NO proteome signature of B. subtilis matches well with a recently performed transcriptome study (60) , thus indicating that increased transcription of the respective genes resulted in increased protein synthesis. SigB-dependent general stress proteins equip the cells with an unspecific protection that aids survival during prolonged periods of stress and starvation (36, 37, 80) . Moore et al. (60) demonstrated that the strong induction of SigB-dependent genes after NO treatment in B. subtilis is mediated by the energy branch of the SigB regulatory cascade, which is possibly activated due to the NO-induced block of the respiratory chain and an accompanied decrease of ATP. The additional NO-induced regulons globally controlled by Fur, PerR, OhrR, or Spx in B. subtilis are also upregulated after specific oxidative stress conditions induced by inorganic and organic peroxides, superoxide, or the thiol-specific oxidant diamide (38, 52, 61, 92, 104) . The corresponding proteins protect the cell against an oxidative threat mainly by direct detoxification of the stressor and repair of damage. The contribution of the individual oxidative stress as well as the general stress proteins in resistance to NO stress is largely unknown. However, for example, the NO-induced and PerR-dependent peroxiredoxin AhpC is known to detoxify reactive nitrogen species (11, 16, 58) .
Regulons controlled by SigB, Fur, PerR (a Fur homolog), and Spx, respectively, have been also described in S. aureus (6, 42, 43, 74, 75) . Surprisingly, none of the identified NO marker proteins in S. aureus could be assigned to these regulons, which points to major differences in the response of these two microorganisms. The absence of increased SigB-dependent protein synthesis after NO exposure in S. aureus was not surprising since SigB activity was shown to be increased in cells grown in synthetic medium and could not be further increased after heat or ethanol stress (29) . Moreover, a B. subtilis-like induction of the SigB regulatory cascade by NO cannot be expected because of the lack of signal transduction components responsible for SigB activation in response to energy limitation (75) . The Fe(II)-containing forms of the repressors Fur and PerR in B. subtilis are thought to be inactivated by NO due to the formation of iron-nitrosyl complexes, thereby derepressing transcription (19, 60) . The regulatory site of PerR in B. subtilis binds Fe(II) or Mn(II) (40), whereas PerR:Mn is not inactivated by NO (60) . In S. aureus, PerR preferentially binds Mn(II) (18, 42) , which might explain the observed lack of PerR-dependent gene expression on transcriptome (83) and proteome levels in response to NO.
Genes of the Fur regulon are transcriptionally induced after treatment of S. aureus cells with NO (83) . The failure to detect proteins of the Fur regulon with our approach may be explained by the fact that their pIs are out of the analyzed pH range of 4 to 7 and/or that they do not belong to the soluble cytoplasmic protein fraction (43) .
NO does not cause protein thiol modifications but diminishes irreversible protein thiol oxidation in vivo. The thiol groups of cysteine residues are preferred targets of reversible and irreversible oxidation reactions by reactive oxygen species and are believed to be readily modified by reactive nitrogen species, too (21, 25, 26, 30, 73) . Recently, with a fluorescencebased assay many intracellular cysteine-containing proteins of B. subtilis were shown to be reversibly or even irreversibly modified at their thiol groups after oxidative stress induced by various oxidative agents, including the antibiotic nitrofurantoin (41) . Furthermore, we applied the thiol modification assay to S. aureus cells and demonstrated that oxidative stress induced by hydrogen peroxide or diamide causes thiol oxidation of many intracellular proteins (101) .
Here, we used the fluorescence thiol modification assay to detect proteins whose thiol groups were covalently modified by an NO moiety (S nitrosylation). In brief, untreated control cells and cells treated with NO are disrupted in a denaturing buffer containing iodoacetamide. With this alkylation step all accessible thiol groups (unmodified cysteines) are chemically blocked to preserve the native thiol state. Second, S-nitrosylated protein thiols are reduced with ascorbate (45, 46) . The newly generated thiol groups are then labeled with a thiolspecific fluorescence dye. The labeled protein mixture is separated by 2D PAGE, and the fluorescence image is overlaid with the image of the total protein stain.
The resulting dual-channel images for exponentially growing cells showed that only a few proteins in B. subtilis, but none of the proteins in S. aureus, were significantly labeled with the fluorescence dye (data not shown). The labeled proteins in B. subtilis have similarities to thioredoxins (YdfQ) and thioredoxin reductases (YumC), as well as a protein with similarity to nitroreductases (YodC). The results indicate that certain proteins of B. subtilis might be S nitrosylated already in growing cells. Interestingly, thioredoxin of endothelial cells is regulated by S nitrosylation, and the thioredoxin system is suggested to play a role in S-nitrosothiol homeostasis (33, 34) . Gel-free mass spectrometry is currently being carried out to confirm the existence of S nitrosylations in growing B. subtilis cells.
To detect proteins particularly susceptible to S nitrosylations after NO stress, we applied the fluorescence thiol modification assay to B. subtilis and S. aureus cells exposed to different concentrations of the NO donor. We could not detect an increase in fluorescence labeling of protein thiols after NO stress even after treatment of the cells with up to a 2 mM concentration of the NO donor for 10 min. Since S-nitrosothiols can be readily converted to disulfides (21, 26) , we also used the phosphine derivative TCEP as a reductant to reduce all reversibly modified cysteines (41) . Again, we did not detect an increase in fluorescently labeled proteins, indicating no accumulation of specifically S-nitrosylated or generally thiol oxidized proteins upon exogenous NO treatment. The precise mechanism of S nitrosylation in cells is not completely understood. Reactive nitrogen species (e.g., NO 2 and N 2 O 3 ) generated from NO or compounds releasing the nitrosonium cation (e.g., S-nitrosocysteine) are predicted to be responsible for S nitrosylations in vivo (103) . Possibly, under pure exogenous NO treatment as performed in the present study there is little if any formation of these compounds, and the degree of S-nitrosylated proteins was below the detection limit of the method applied.
Gusarov and Nudler (32) recently described a cytoprotective system in B. subtilis based on NO. These authors showed that NO protects cells from H 2 O 2 -induced DNA damage and provided evidence that this is due to inhibition of the DNAdamaging Fenton reaction and activation of the catalase KatA. In B. subtilis and S. aureus, hydrogen peroxide causes irreversible oxidation of the active-site cysteines of certain proteins to sulfinic or sulfonic acid (41, 98) . In the case of the GAPDH (glyceraldehyde-3-phosphate dehydrogenase) of S. aureus, this leads to the loss of enzymatic function (98) . To analyze whether NO can also protect proteins from irreversible thiol oxidation, we monitored the acidic isoelectric shift of peroxidesensitive proteins in the 2D gel. The shift in the isoelectric point of the protein is due to the additional negative charge of the sulfinic or sulfonic acid form generated after peroxide treatment (41, 98) . Interestingly, the amount of irreversibly oxidized proteins significantly decreases if the cells were incubated with 100 M concentrations of the NO donor for 10 min prior to peroxide addition (Fig. 6) . The effect was even stronger when higher concentrations (up to 1 mM concentrations of NO donor) were added. The results show that NO diminishes the peroxide-induced irreversible thiol oxidation of proteins.
The antioxidant potential of NO has been discussed in eukaryotic systems, where NO reduces the oxidizing capacity of reactive oxygen and nitrogen species and modulates cellular and physiological processes that prevent cell and tissue injury (95, 99) . Our results strongly indicate that NO can also function as a protein protection determinant in bacteria. The model of NO-mediated cytoprotection against DNA damage in B. subtilis and S. aureus (32) should therefore be extended to include its ability to protect against peroxide-induced irreversible protein thiol oxidation.
Different mechanisms are conceivable for how exogenous NO might prevent H 2 O 2 -induced irreversible oxidation of protein thiols. NO itself or derivatives that might be generated (32) or to what extent other processes might play an additional role, ongoing studies are needed. Concluding remarks. In the present study, the NO stressinduced expression profiles of two model organisms, the nonpathogenic B. subtilis and its closely related counterpart the pathogen S. aureus, were compared by 2D gel-based proteomics. The most striking similarity between these two model organisms was the substantial induction of synthesis of the NO detoxification enzyme Hmp after stress exposure. In contrast, major differences became obvious, particularly in the increased synthesis of members of the SigB-controlled general stress regulon, as well as of regulons involved in oxidative stress resistance in B. subtilis which were completely absent in S. aureus. The protein synthesis signature observed for S. aureus obviously showed strong similarities to that found under anaerobic conditions. NO disrupts the respiratory chain by binding to cytochromes (5, 8, 10, 13, 71, 88, 100) . Unlike B. subtilis, the extensive switch to the anaerobic metabolism even under high oxygen tension might therefore be a beneficial consequence of NO stress in the more tolerant S. aureus. This is likely due to differences in the underlying signaling network of these organisms.
Monitoring the cytoplasmic protein thiol state revealed no accumulation of thiol modifications after NO exposure in either species. In contrast, NO was found to mediate protection against peroxide-induced irreversible thiol oxidation.
